Introduction
Salmonella is one of the most important food-borne pathogens. Each year a high number of cases as well as outbreaks of Salmonella in humans are reported (EFSA, 2011) . Despite the fact that Salmonella can cause disease in pigs mainly associated to infections by Salmonella enterica subsp. enterica serovar Cholerasuis, the importance of swine salmonellosis is related to human infections caused by pork products. During the nineties and the first years of the present century it was estimated that 10% of the human salmonellosis cases were attributed to pork products (Hald et al., 2004) , classically categorized as the third most common source of human infections after poultry and turkey meat. Nevertheless with the implementation of control programs in avian production with the subsequent prevalence reduction, the role of pork products have been enhanced and nowadays it is the second most common source of human salmonellosis after laying hens (Pires et al., 2011) . Regarding swine salmonellosis, control programs are not compulsory at the moment but the EU Regulation 2160/2003 has established the need for developing proper and effective measures to detect and control Salmonella at all relevant stages of pork production chain and particularly at the primary production level in order to reduce the prevalence and the risk that Salmonella poses to public health (EU Regulation 2160 . From our point of view, Salmonella control should start at the end of the pork production chain (slaughterhouses and finishing farms) and go back to the first steps of the production system (breeding herds and feed suppliers). The compulsory or voluntary Salmonella control programmes that have already been established in several European countries base their Salmonella evaluation on serological and carcass microbiological contamination results principally (Alban et al., 2002; Nielsen et al., 2001) . At the farm level, these control programmes include the implementation of specific measures to reduce the Salmonella prevalence in those herds identified as highly contaminated according to their serological results.
The present chapter aims to give a view of the most relevant control measures that can be used to reduce Salmonella prevalence in swine farms including a deep review of scientific research as well as our personal experience with control strategies at swine finishing farms. They will be presented into three different categories: 1) measures related to feeding practices, 2) vaccination and 3) generic measures of hygiene and biosecurity.
Salmonella control in the pork production chain
Focused in food safety, the control of Salmonella must be carried out taking into account the philosophy "from farm to fork" which implies the participation of all sectors involved throughout the food chain. Due to the complexity of its epidemiology and ecology, Salmonella control is a great challenge. As it has been proposed by Davies et al. (2004) the food supply should be seen as a linear series of sectors engaged in production, harvest, distribution and consumption and the goal of control programmes is to define the optimal combination of interventions at each sector that delivers the maximum risk reduction at minimal cost. It has been demonstrated that the risk of Salmonella contamination increases across the pork production chain and reaches its maximum in the slaughterhouse (Duggan et al., 2010; Argüello et al., 2011a; Visscher et al., 2011) . Therefore, the slaughter process seems to be the main target to implement control measures and its importance has been pointed by many studies (Hurd et al., 2002 , Argüello et al., 2011a . According to this, several countries, led by Denmark with more than twenty years of experience with a national swine Salmonella control program are pointing nowadays their reduction strategies towards slaughterhouse interventions (Alban et al., 2005; Goldbach et al., 2006) . Nevertheless there are some aspects that make us to include pig finishing farms, together with the slaughterhouses, as the primary control points in the pork production chain. On the one hand sometimes it is difficult to implement slaughterhouse strategies due to policy restrictions at this level. On the other hand, it has been clearly demonstrated that infected pigs are the main source of Salmonella at the slaughterhouse (Argüello et al., 2011a; Visscher et al., 2011) , thus in order to reduce the risk of Salmonella transmission in the food chain including feasible cost and success, finishing farms should be taken into consideration.
Although sows have been implicated as the primary source of infection to finishers (Lettelier et al., 1999; Kranker et al., 2003) , other studies have demonstrated that this transmission can be controlled or interrupted by proper handling practices (Dahl et al., 1997) . Several surveys have also supported that vertical transmission is not the main source of Salmonella in finishers (Berends et al., 1996; Stege et al., 2000; Funk et al., 2001; Argüello et al., 2010a) . According to this, finishing farms should be the main target of Salmonella control programmes at the primary level.
Feeding practices for Salmonella control in swine farms
The role of feed in the control of Salmonella in swine farms includes two different views. On the one hand, feed can be a source of Salmonella contamination while on the other hand there are several feeding practices that are useful tools to be used in the control of Salmonella. Several studies have demonstrated the relative low importance of feed as a primary source of infection to pigs (Harris et al., 1997) . Salmonella is rarely detected after feed processing at the feed mills due to the thermal treatment coupled with good manufacturing practices, and moreover Salmonella serotypes sporadically isolated from feed are not related to those usually identified at the farm level (Harris et al., 1997; Davies et al., 2004; Torres et al., 2011) . However, most researchers agree that feed can be easily contaminated at the farm level.
Feeding practices include many strategies for the control of Salmonella. Most of them are based on the same principle: the modification of the intestinal environment and the promotion of the normal microbial flora within the gastrointestinal tract, creating a healthier environment. Even when the feeding practices that are exposed in this chapter are very different, the main mechanisms elicited to reduce or prevent Salmonella contamination are shared. Briefly, these feeding control strategies reduce directly or indirectly the pH within the intestinal tract and create an environment which is adverse to Salmonella and favours the growth of other bacteria. In a second step, this beneficial gut microflora contributes to maintain a hostile environment to Salmonella by lowering the pH and/or producing several anti-Salmonella compounds and metabolites.
Feed composition and feed physical structure
It is well documented that feed presentation, pelletized or not, coupled with the milling type, coarse or fine, has an influence on the gut microflora and therefore determines the success in the establishment and multiplication of Salmonella in the intestinal tract of swine. Although, pelleting and thermal-treatment processes can reduce the Salmonella contamination in compound feed, it has been demonstrated that non-pelleted feed has a clear protective effect against Salmonella compared to the use of pelleted feed (Jørgensen et al., 1999; Kjeldsen & Dahl, 1999; Kranker et al., 2001; Leontides et al., 2003; Lo Fo Wong et al., 2004; Rajik et al., 2007; García-Feliz et al., 2009) . In a similar way, coarsely ground meal has been demonstrated to have a protective effect compared to fine grounded meal (Jørgensen et al., 1999; Kjeldsen & Dahl, 1999; Jørgensen et al., 2001; Mikkelsen et al., 2004) . It is important to remark that more than defining pelleted or fined ground meal as risk factors that promote the presence of Salmonella at farm level, we should define non-pelleted feed or coarsely meal as efficient protective elements against Salmonella in swine farms.
As we have already indicated, the anti-Salmonella activity seems to be related to the changes in the intestinal microflora that are associated with these types of feed. The effect of feed grinding and feed processing on physicochemical properties and microbial populations in the gastrointestinal tract of pigs were evaluated by Mikkesen et al. (2004) . Those pigs fed a coarse non-pelleted feed showed a significant increase in the number of total anaerobic bacteria within the stomach as well as higher concentrations of various organic acids and lower pH compared to those pigs fed other diets suggesting a higher microbial fermentation in the stomach, fact that was also asserted by a slower gastric passage rate. These environmental conditions in the stomach would reduce the population of Salmonella populations by 1000-fold (Mikkesen et al., 2004) . Other effects were also observed, to a leser extent, in other parts of the gastrointestinal tract with a lower number of coliform bacteria in the distal small intestine, in the colon and in the caecum and higher concentrations of butyric acid (Mikkesen et al., 2004) . Apart from these findings, it is well known that the digestibility of non-pelleted and coarse feed is lower than that of fine pelleted feed. Consequently, higher amounts of carbohydrates reach the last part of the small intestine and the large intestine providing a source of energy for anaerobic bacteria settled there.
Dry or liquid feed
It is well documented that liquid feed has a protective effect against Salmonella as compared to dry feed ( Van der Wolf et al., 2001a; Højberg et al., 2003) . Basically, this feeding strategy can be accomplished by using non-fermented liquid feed or fermented feed. In the first case, water or food industry derivates such as serum from dairy industry are added to the mixed feed immediately before its administration while when using fermentation, the feed and the water are mixed and stored at a certain temperature for a period of time, prior to its use. Traditionally, liquid feeding systems are much extended in areas where liquid co-products from the human food industry are abundant and cheap. Industries involved in potato, vegetable, milk and fish processing, starch and sugar manufacture, baking, brewing and bio-ethanol production generate co-products that can be valuable and cost-saving inclusions in liquid diets.
The beneficial effects of liquid diets in the gastrointestinal tract are related to the stimulation of epithelial cells growth, the reduction of the intestinal pH and the increase in the lactic acid microbial flora. Its anti-Salmonella activity is based on the effect of the fermented feed against Salmonella itself since fermented liquid feed contains high concentrations of acids including lactic acid and short chain fatty acids and decreases the pH level in the gastrointestinal tract which in turn influence the ecology of the gastrointestinal microflora. In a study carried out in Canada, Farzan et al. (2006) compared Salmonella infection between 20 liquid-feeding farms and 61 dry-feeding farms. The use of liquid feed was associated to a lower number of Salmonella positive farms by both serological and bacteriological analysis. Moreover, a reduced usage of antimicrobials and consequently an improved pig health status was reported in those farms using liquid feed. Winsen et al. (2001) carried out a clinical trial comparing two groups of pigs, one fed with a dry-diet and the other with a Lactobacillus plantarum supplemented fermented liquid diet. A reduction in the total counts of Enterobacteriaceae within the gastrointestinal tract was reported in those animals receiving the supplemented fermented liquid food and was associated with an increase in the concentration of undissociated lactic acid and short chain fatty acids in the stomach content. According to these results, many risk factor studies have also described the protective effect of the liquid feed in Salmonella infection in swine farms (Beloeil et al., 2004; Lo Fo Wong et al., 2004; Poljak et al., 2008; Farzan et al., 2010; Hotes et al., 2010) .
It is important to remark that in contrast to other feeding practices, the use of liquid feed and particularly of fermented liquid feed has been associated with an improvement in the growth performance. However, this feed system is not feasible economically in all herds due to the investment needed for storage capacity, mixers, pumps, pipelines and computers (Van der Wolf et al., 2001a) .
Probiotics
Feeding antibiotics is one of the most effective strategies of prophylactically controlling gastrointestinal infections but this practice is in decline because of the concern with antibiotic resistance in human medicine (Fairbrother et al., 2005) . Even more, the European Union banned the use of antibiotics as growth promoters in food animals in 1999, on the basis of the "precautionary principle". One of the most promising and attractive alternatives to in-feed antibiotics is the use of probiotics and according to this, several researchers have also proposed their utility in the control of Salmonella infections in swine farms.
Probiotic treatment is based on the oral administration of viable bacteria, generally nonpathogenic anaerobic bacteria, with the objective to establish the first indigenous flora in newborn piglets or remove the pathogenic flora already established in growers or finishers. The two main actions of probiotics include the nutritional effect and the sanitary effect (Anadon et al., 2006) . The nutritional effect is attributed to a reduction of the metabolic reactions that produce toxic substances, a stimulation of the indigenous enzymes and a production of vitamins. The sanitary effect of probiotics is linked to several actions including the creation of a restrictive environment by reducing the pH at the intestinal tract, the competition for gut surface adhesion, the production of anti-bacterial substances such as bacteriocins, the competition for the nutrients, the improvement of the epithelial gut cells health and the stimulation of the immune system acting as bio-regulators of the gut microflora and reinforcing the host natural defences.
At the moment most of the probiotics that are in use consist in a well-defined mix of microorganisms. The main bacterial genera used in these probiotics include Clostridium, Enterococcus, Bacteroides, Streptococcus, Pediococcus, Bifidobacterium or Lactobacillus as well as yeast such as Saccharomyces (S. cerevesiae) or Kluyveromyces. According to the guidelines from the EFSA, the identification of all the bacteria included in the mixture and the determination of the absence of antimicrobial resistance genes or plasmids and toxic metabolites are recommended for all probiotic products in the market (Anadon et al., 2006) .
Despite the fact that anti-Salmonella activity of several lactic acid bacteria has been already demonstrated using in vitro procedures (Hume et al., 2001; Harvey et al., 2002; Casey et al., 2004) , the literature regarding the efficacy of probiotics in clinical trials is scarce, above all in pig surveys. According to the idea that the efficiency of probiotics is strongly related to the host animal where they have been developed (Ozawa et al., 1983) , we will focus the discussion on trials performed in pigs even when there is not too much data available. Genovese et al. (2000 and evaluated the effect of an undefined mixture of lactic acid bacteria of porcine origin previously developed by Harvey et al. (2002) on caecal colonization and faecal shedding of S. Cholerasuis in neonatal and weaned pigs. Their results showed a significant decrease in colonization as well as a reduced shedding after experimental infection with S. Cholerasuis in treated animals as compared with the control group. In a similar way, Fedorka-Cray et al. (1999) demonstrated the usefulness of a mixed and undefined culture from caecal mucosa of a 6-week-old healthy pig for the control of Salmonella infection. A 2-to 5-log reduction of Salmonella in the caecal content or ileocolic junction was observed in the pigs that received this probiotic mixture when compared with the controls. Moreover, 28% of the gut tissues from the treated pigs were positive versus 79% from the control pigs. More recently, the effect of a defined mixture of lactic acid bacteria of porcine origin containing Lactobacillus murinus, L. pentosus, L. salivarus and Pediococcus pentosaceus developed by Casey et al. (2004) was evaluated in weaned pigs (Casey et al., 2007) . The study design included three groups of five pigs: two treated groups that were administered the probiotic directly or fermented prior to its use and a control group in which milk was used as a placebo. All the animals from the treated groups were administered 4x10 9 colony forming units (CFU) of the probiotic bacteria during 6 days. On day 7, all the pigs were challenged with 10 9 CFUs of S. Typhimurium and were monitored for 23 days. Probiotic treated animals showed reduced incidence, severity and duration of diarrhoea as well as a lower concentration of Salmonella in faeces. In contrast Zsabo et al. (2009) did not find differences in clinical symptoms after a probiotic treatment based on Enterococcus faecium and subsequent challenge with S. Typhimurium DT104. Moreover the invasiveness was greater in the treated group than in the control one, showing that not all the potential probiotic bacteria offer protection against Salmonella.
Our research group has evaluated hundreds of lactic acid bacteria recovered from faeces, intestinal content or intestinal mucosa of healthy pigs and selected according to their potential probiotic properties including their anti-Salmonella effect. Among those with high anti-bacterial activity against Salmonella we found isolates from the Streptococcus and Lactobacillus genera, including L. reuteri, S. gallolyticus subsp. gallolyticus, L. delbrueckii, S. alactolyticus, L. animalis, L. salivarius, L ruminis and L. murinus (Collazos et al., 2008a) . In general, L. reuteri and L. animalis isolates are particularly resistant to the gastrointestinal environment of swine. Although L. delbrueckii isolates exhibited a strong anti-Salmonella activity, they were particularly sensitive to gastric conditions. When a defined probiotic mixture of five lactobacilli containing L. reuteri, L. delbrueckii, L. animalis, L. murinus and L. ruminis was administered to 5-weeks old piglets for 7 days before the challenge with S. Typhimurium (10 9 CFU) a significant reduction in the pathogen shedding and its dissemination to different organs and tissues as well as an alleviation of the clinical signs of the infection as compared with the pigs from the control group was demonstrated (Collazos et al., 2008b) . Similar results were previously reported by Casey et al. (2007) .
In spite of all these promising results from experimental trials, there is very little experience regarding the effect of such probiotic treatments in Salmonella infected swine farms. Moreover, at least two relevant questions regarding the probiotic use in the real practice still arise: (1) how can or should be administered the probiotic and (2) at which growth stage should it be used in order to reduce Salmonella contamination at the time of the slaughtering. Regarding the first question, two main possibilities should be considered. On the one hand, direct administration of the probiotic bacteria should be very effective and consequently high ratios of viable bacteria would reach the gastrointestinal tract. However it is almost impossible to use this administration in field conditions at farm level, particularly if the product is going to be used in growers or finishers. On the other hand, probiotic bacteria could be mixed with feed or drinking water allowing a very easy administration that could be extended for large periods of time. According to this, De Angelis et al. (2006) proposed that one of the main prerequisites for the selection of probiotic bacteria in swine is that these bacteria should be able to survive and maintain their health-promoting properties during feed manufacturing and storage. Our research group have evaluated the survival of five lactic acid bacteria of porcine origin incorporated into pelleted feed and stored for 24 days at farm conditions. Although one of the evaluated isolates was not included because its performance in the previous steps of fermentation and lyophilisation, was not satisfactory, stable numbers of the other four bacteria were recovered from pelleted feed stored in the farm until the end of the experiment allowing us to conclude that pelleted feed can apparently be used as a vehicle to administer probiotics in swine. Regarding the second question elicited, the moment of administration of the probiotic in a Salmonella control strategy in a swine farm, to our knowledge there is no field study in a Salmonella infected farm that can be used to give a well-grounded answer. In general, probiotics can be used to establish the flora in a newborn piglet, strengthen colonization resistance to pathogenic bacteria, or to compete with potential pathogenic bacteria already established in the gastrointestinal tract. Hence, the administration of probiotics is recommended during critical periods such as weaning (3 or 4 age-weeks) or at the beginning of the fattening period, when intestinal disorders are common. Focusing on the control of Salmonella infection in swine farms, both periods seem to be also suitable to establish a health intestinal status which would increase the resistance to Salmonella colonization. However, special attention should be paid in order to avoid infections by Salmonella during the fattening period. Other option would be the administration of the probiotic during this fattening period or even at the end of the fattening period to reduce the risk of Salmonella transmission in the food chain.
Acids
A well studied strategy for the control of Salmonella infection on swine farms is the addition of acidic compounds to feed or drinking water. The main idea is not new and acids have been evaluated to replace growth promoters and to improve the hygiene and quality of the gut microflora since the 1980's (Giesting & Easter, 1985) . It has been demonstrated that the un-dissociated form of various acids can freely cross the bacterial cell membrane and enter the bacterial cell, causing cell death (Van Immersel et al., 2006) . Moreover, acids decrease the pH at the gastrointestinal tract and they could serve as carbon source, taking part in several bacterial metabolic routes.
The anti-Salmonella effect of many acids have been tested and evaluated in several experimental and field studies. The fact that short chain volatile fatty acids are produced by anaerobic bacteria of the gut microflora has focused many studies on their effectiveness against Salmonella. Propionic acid has shown satisfactory results against Salmonella in poultry (Hume et al., 1993) . To our knowledge, there is no reported clinical trial based on the use of butyric acid, nevertheless its activity against Salmonella has been documented in vitro. The increase of butyric acid concentration in the gut has been associated with a decrease in Enterobacteriaceae and Salmonella populations (Van Immerseel et al., 2006) and an inhibition of the pathogenicity island I of Salmonella, involved in the gut cells invasion, after exposure to butyric acid has been reported (Gantois et al., 2005) . Acetic acid is probably the most evaluated short chain volatile fatty acid in clinical trials. However, several studies have concluded that this acid does not show a relevant anti-Salmonella activity Van Immerseel et al., 2006) and further, it increases the development of resistance against acids by the mechanisms defined as acid tolerance response (Known et al., 1998) . The antiSalmonella effect of lactic and propionic acids have also been evaluated in several studies with promising results (Tsiloyiannis et al., 2001; Wingstrand et al., 1996; Creus et al., 2007) . Apart from these five acids described here, many other studies have been carried out using other products such as citric acid, fumaric acid, malic acid and many other acid products that can be found in the market. At the same time, some of these acids have been coated in an attempt to avoid an early absorption in the small intestine. The most relevant results of clinical trials evaluating the use of acids in the control of Salmonella infection in swine farms are summarized in Table 1 Wolf et al., 2001b; Tsiloyiannis et al., 2001; Anderson et al., 2004; Creus et al., 2007; Boyen et al., 2008; De Busser et al., 2008; Argüello et al., 2010b) .
Our research group carried out an interventional study in a pig fattening unit infected by Salmonella to assess the effectiveness of an acid treatment administered in drinking water for the control of salmonellosis (Argüello et al., 2011b) . Animals from the experimental group were administered a commercial acid, composed of lactic acid (56%), formic acid (23%), propionic acid (13%) and acetic acid (5%), that was added to drinking water during the last 40 days of the fattening period at a concentration of 0.035%. This treatment was able to reduce the number of Salmonella shedders as well as the number of Salmonella seropositive animals at the end of the fattening period. The overall prevalence in control group was three times the treated groups, but just in a situation with clinical problems would justify the use of acids to the authors. Table 1 . Summary of experimental and field trials carried out using acid treatments to control Salmonella.
In summary and taking into account all the information provided by the different studies, it seems that the success in the control of Salmonella infection by using acids is related to several factors. The concentration given must be related to the pH value (Boyen et al., 2008) and the duration of the treatment should be higher than a few weeks. No differences have been demonstrated between their administration in the feed or water. While the incorporation of the acids in the drinking water allows an easy regulation of the concentration and duration of the treatment, it has been associated with damages in the supply water circuits (Van der Wolf et al., 2001b) . Moreover, it has been proposed that the success of these acid treatments administered at the end of the fattening period is related to the establishment of the Salmonella infection before the acid addition Creus et al., 2007) .
Other feed strategies
Other products such as prebiotics, mainly fructo-oligosacharides that cannot be digested by the animal but serve as carbon source for intestinal bacteria, or herbal extracts with significant anti-Salmonella activities have been proposed as potential options in the control of Salmonella infection in swine farms. However, further studies evaluating their usefulness in Salmonella infected swine units are required.
Vaccination
Immune response stimulation by vaccines has been a useful mechanism to battle against pathogens. In this subheading of the chapter, vaccinology to control Salmonella in pigs will be reviewed including the different types of vaccines tested against Salmonella in swine, discussing their efficacy, advantages and disadvantages. In order to develop a useful vaccine against Salmonella, the mechanisms involved in the defence of the host as well as those by which the bacteria is able to establish the infection in the host have to be taken into consideration. Hence, a brief revision of the Salmonella transmission, pathogenesis and host immune response will be included to improve the reader comprehension about vaccination theories.
Salmonella transmission, pathogenesis and immune response
The fecal-oral route is the typical mode of transmission of Salmonella. Once it is ingested, Salmonella is able to resist the acid environment in the stomach and the bactericidal effect of compounds such as bile salts in the first part of the small intestine (Fedorka-Cray et al., 1994) . In the ileum, the peristalsis together with the indigenous microflora are the main difficulties that Salmonella has to overcome to reach its main target, the gut associated lymphoid tissue forming the Peyer's patches in the ileum wall and more exactly the microfold or 'M' cells of this tissue. The virulence genes encoded in the Salmonella pathogenicity island I allow the bacteria to trigger macropinocytosis (a form of endocytosis of large particles such as bacteria) in these M cells and also in enterocytes and goblet cells (Frances et al., 1993; Ginocchio et al., 1994) . After intestinal wall colonization Salmonella is presented to macrophages where it is able to survive by inhibiting the endosome-lysosome fusion through virulence genes encoded in the Salmonella pathogenicity island II (Hensel, 2004; Gal-Mor & Finlay, 2006) . This allows the bacteria to reach the reticulloendothelial system as previous stage prior to systemic infection. Most of the swine infections caused by Salmonella serotypes different from the host-specific serotype S. Cholerasuis are restricted to the follicle associated epithelium that surrounds the intestine. That is why we will focus this description of the immune response elicited by the host in this first stage of the infection to the gut and lymphoid tissue associated thereof.
Immediately after entering in the gastrointestinal tract, a complex and concerted immune response involving epithelial cells and both innate and adaptive immune response is mounted against pathogenic Salmonella. Although the microfold or M cells aforementioned are the main target to cross the intestinal wall, it has been described that Salmonella is also able to disrupt tight junctions between epithelial cells allowing paracellular transit into gastrointestinal tract tissue (Boile et al., 2006) . The approach that Salmonella uses to cross the epithelial cell barrier is a critical step in the immune responses generated. Those invasive bacteria that cross through the M cells activate particularly the secretion of IgA in the lamina propia; in contrast those non-invasive Salmonella that use mainly the paracellular transport do not induce the secretion of IgA.
Once the epithelial barrier is breached, the innate immune cells stimulate the pattern recognition receptors. Macrophages localized in the interfollicular region, neutrophils and monocytes (which will be differentiated in dendritic cells or macrophages) accumulated in the gut associated lymphoid tissue induce the classic T helper 1 immune response and provide the first cellular defence against invasion. Interleukins such as IL-12, IL-1 or those more recently found participating in the immune response to Salmonella such as IL-23, IL-22 (Schulz et al., 2008; Godinez et al., 2009) and IL-17 (Raffatelu et al., 2008) as well as TNFα and IFNγ take part in the organism defence.
In later stages of the infection, Salmonella clearance is mediated by the specific immune response. Humoral response can be detected one week after the infection of the pigs (Gray et al., 1996a; 1996b) , firstly represented by IgM and followed by IgG and IgA (Hasan et al., 1991) . The levels of IgM and IgA decrease gradually while IgG persist during extended periods of time, being detected at the time of slaughtering in finisher pigs. Cell immune response is principally represented by CD4 + T lymphocytes (Hess et al., 1996) . The exact mechanism by which CD4 + T-cells are able to control bacterial growth is unknown and seems not to be related to the production of TNFα and IFNγ. The antibody production against various Salmonella antigens also plays a role in the Salmonella clearance from systemic sites. This antibody production is stimulated by T-cells and the CD8 + cytotoxic lymphocytes (Mastroeni et al., 2009) and is directed against antigens such as the lipopolysaccharides, the capsular Vi polysaccharide or flagelins.
Salmonella is a potential intra-cellular pathogen. Its ability to survive and replicate in the macrophages and the reticulloendothelial system let it to avoid, at least partially, the immune response (Hormaeche et al., 1993) . Nevertheless it has been described that control and clearance of Salmonella rely in the cell immune response mediated by CD4 + and CD8 + . (Mastroeni et al., 1997) . The specific humoral immune response, except for the IgA presented in the intestinal mucosa, is at least partially avoided by the fact that Salmonella is "protected" by the cells which infects and also the innate response (mediated by neutrophils and macrophages) even being the first barrier and also participating in antigens presentation, does not offer protection against Salmonella. So to summarize it seems that vaccines should stimulate the cell immune response to protect pigs against Salmonella infection.
Vaccination in pigs against Salmonella
The stimulation of the immune system by vaccines against Salmonella in swine aims to prevent gut colonization and faecal shedding as well as the development of a carrier state; in a word, bring to end the infection cycle at the farm level (Haesebrouck et al., 2004) . The disappearance of clinical symptoms is not the goal of this vaccination since most of the infections by Salmonella are not associated with clinical disease in pigs.
Several vaccines have been tested against Salmonella including live vaccines, attenuated or genetically modified, inactivated vaccines and also subunit vaccines. Live vaccines have the ability to arouse the best immune response; they stimulate the production of IgA in the intestinal mucosa since they can be used by oral administration and on the other hand they are theoretically able to produce a strong cell-mediated immune response (Lindberg & Robbertson, 1983) . Besides, antibody titres seem to be lower than those induced by inactivated vaccines (Springer et al., 2001; Husa et al., 2008) and this fact is relevant if the vaccine is going to be used in the course of control programmes based on serological detection and quantification of the infection. Live vaccines against Salmonella included (i) attenuated vaccines obtained by the dwindling of at least one of the virulence mechanisms of the bacteria without localizing or characterizing the molecular basis of attenuation; and (ii) genetically modified vaccines which in contrast to attenuated vaccines are those in which identified genes for the bacterial metabolism such as aroA (Lumsden et al., 1991) , global regulator genes or virulence genes such as spv genes located in Salmonella virulence plasmid (Kramer et al., 1992) have suffered induced mutations to attenuate the bacteria.
Many studies have tested live vaccines in both challenge and clinical trials. We will focus our attention on those studies that have reported bacteriological results and therefore have measured the impact of vaccination in the Salmonella shedding and Salmonella infection in the gut or the associated lymphoid tissue. Several live vaccines including those based on modifications of their genome such as aroA mutants, Δcya-Δcrp, gyrA-cpxArpoB or adenine-histidine auxotrophy organisms (Lumsden et al., 1991; Lumsden et al., 1992; Springer et al., 2001; Denagamage et al., 2007; Selke et al., 2007; Husa et al., 2008) have demonstrated a reduction in the faecal shedding and isolation of Salmonella from the gut and lymphoid tissues. When piglets were vaccinated with these vaccines and challenged with the bacteria, a diminution in the infection pressure based on a reduction of the Salmonella faecal shedding and isolation from the gut and the lymphoid tissue associated was demonstrated. Nevertheless in most of these challenge experiments, the monitoring of the piglets was only carried out during the subsequent days or weeks after the experimental infection and therefore there are doubts regarding the duration of this protection. The experience from field trials has provided scarce but very interesting data; an adenine-histidine auxotrophy S. Typhimurium vaccine was tested for a period of six months in a farrow-to-finish farm. The prevalence of Salmonella infection in the unit decreased from 65% to 23% in 6 weeks. Unfortunately, this study does not include a control group and comparison was made using historical data. More recently, Farzan & Frienship (2009) have evaluated a commercial S. Cholerasuis live vaccine in a clinical field trial. The prevalence of Salmonella shedding animals decreased as immunized pigs aged but the results were not conclusive since this fact was also reported to a lesser degree in the control pigs. The point that the pigs were probably infected before their vaccination together with the coexistence of three different serotypes of Salmonella involved in the infection at the farm could explain at least part of the low efficacy of vaccination against Salmonella found in this study. Finally another study using a S. Cholerasuis live vaccine (Maes et al., 2001) showed a reduction in the positive ileocaecal lymph nodes (ILN) in the vaccinated group, 0.6%, compared to the control 7.2% while 24% and 9% of the vaccinated and control animals were positive in serology at 24 weeks (cut-off > 10).
Although theoretically live vaccines offer the best protection, they have also several disadvantages; firstly they are not as secure as inactivated vaccines since reversion to virulence can theoretically occur. Besides, transport and storage conditions are more demanding and finally if they are going to be administered orally several factors such as handling, withdrawal of antimicrobial treatments during administration or negative effects such pyrexia or reduced daily gain have to be taken into consideration (Husa et al., 2008) . For these reasons, there is still interest in Salmonella inactivated vaccines, which are easier to administer, more secure and also cheaper than attenuated life vaccines. In general, inactivated vaccines are useful against extracellular or toxin producer bacteria because humoral immune response can easily and effectively protects the host. It could be expected that no protective or a very limited effect would be seen with intracellular bacteria since the cell-mediated response is not stimulated directly. However, it is important to take into account that at least part of the infection cycle of Salmonella takes place in the extracellular space being vulnerable to the action of specific antibodies.
Inactivated vaccines are easy to produce and there are a number of clinical field and experimental trials to evaluate their effectiveness against Salmonella in different stages of the swine production including breeding herds, nursery pigs and finishers. A homologous inactivated S. Typhimurium vaccine was applied to sows in a research performed by Roesler et al. (2006) . The results of this vaccination were measured in the offspring and revealed a decreased in the prevalence of Salmonella shedders as well as in the prevalence of seropositive piglets. According to these results, vaccination with an inactivated vaccine could be a proper tool to control Salmonella transmission from the sows to their progeny, easy to apply and cheap. On the contrary, Farzan & Friendship (2009) failed to demonstrate a clear protection in piglets after vaccination with an autogenous S. Typhimurium bacterin probably because the vaccine failed to elicit cross-protection against other serovars and piglets were suffering a multiple-serovar infection. The effectiveness of vaccination of finishers at the beginning of the fattening period with a whole-cell inactivated S. Typhimurium bacterin was tested in a field trial carried out by our research group (Argüello et al., 2010c) . Vaccinated pigs showed lower faecal shedding throughout the fattening period as well as lower serological response at the slaughter time. Moreover Salmonella prevalence in caecal content and mesenteric lymph nodes were also lower in vaccinated pigs as compared with control animals. However, the undesirable effect of vaccination was the strong humoral immune response which would interfere with a serological surveillance on the farm since more than a forty percent of the vaccinated pigs were seropositive (OD cutoff >40%) at the end of the fattening period.
In spite of their limitations, inactivated vaccines as well as subunit vaccines can increase in usefulness by taking advantage of the improvements in DIVA vaccines (Differenciating Infected from Vaccinated Animals) which have already been tested (Selke et al., 2006; Leyman et al., 2011) and also in adjuvants which should be able to increase the immunostimulation boost of these vaccines (Leclerc, 2003) . The application of such technology in conjunction with the ongoing developments in identifying new virulence determinants such as purified recombinant proteins, synthetic peptides or plasmid DNA could induce protective immunity by the selective activation of immune effectors mechanisms. The next generation of Salmonella vaccines could be based on these premises, to overcome the problems discussed above and improve the protections elicited by vaccines against Salmonella.
Despite the fact that the vaccine field has been the target of many surveys since decades, there are still many gaps. Most of the investigations regarding Salmonella immunity have been done in a murine model without taking account that S. Typhimurium is the hostspecific pathogen for this specie. Moreover, most of the challenge trials carried out in piglets do not perform an extended monitoring of the animals until the market-weigh. Further research should be done to increase the knowledge in the immune response against Salmonella in production animal species and to non-host specific serotypes as well as in vaccine field trials in both finishers and sows (transmission of the immunity to the piglet).
Hygiene, handling practices and biosecurity
At farm level there are many factors that can modify the epidemiology of the infection determining the success of Salmonella colonization. Throughout this chapter we have mentioned that Salmonella needs to overcome the hostile environment of the gastrointestinal tract of the host as well as the immune response mechanisms elicited in order to establish an infection. In the pig, Salmonella can survive in the gut associated lymphoid tissue with reactivation of infection and shedding in favourable conditions, a fact which implies that infected animals are always a risk of infecting other animals throughout their lives. Moreover, Salmonella is perfectly adapted to the external environment and is able to survive outside the host for extended periods of time. These two premises, the carriage of Salmonella by apparently healthy animals and the ability of these bacteria to survive in the environment, determine the importance of hygiene and biosecurity practices in the control of the infection. None of the control measures aforementioned will be successful if they are not accompanied by adequate hygiene and biosecurity practices on the farm.
Hygiene standards are based on cleaning and disinfection procedures. All-in/all-out systems, where each room or building is completely emptied and sanitized between groups of pigs, are used frequently in finishing units in swine production and it is during the period of time comprised between two consecutive batches when the effort must be paid in order to prevent the infection of the incoming pigs. Salmonella can survive in the environment for long periods of time, for instance 14 days on smooth metallic surfaces, one year in wet soil or even up to two and four years in dry excrements and dust respectively (Murray, 2000) . Its ability to persist in the environment enhances its transmission capacity. Apart from the direct transmission from pig to pig, the environment is the most important source of Salmonella infection in finishing units, being more relevant than contaminated sows at breeding herds (Berends et al., 1996) . As was demonstrated by Dahl et al. (1997) pigs coming from infected breeding herds, allocated in an environment perfectly cleaned and free of Salmonella, can arrive at the slaughterhouse without any positivity in bacteriological or serological samples. Hence, special attention should be paid to avoid the presence of Salmonella in the environment.
An effective cleaning protocol should cover the following premises: (i) clean the facilities with pressured water to remove the organic matter with special attention to holes and corners where it can be accumulated, (ii) apply detergents together with the pressured water to enhance the organic matter removal and finally (iii) apply a disinfectant after the proper cleaning protocol. Regarding useful disinfectants, it can be said that Salmonella is susceptible to most of the disinfectants used, such chlorine, iodine derivates, phenols, peroxides or quaternary ammonium compounds. However it is surprising that being susceptible to most disinfectants it can be found after cleaning and disinfection protocols routinely applied at farm level (Argüello et al., 2011b) .
We have evaluated the effectiveness of routinely cleaning and disinfection procedures against Salmonella in swine farms (Argüello et al., 2011) . A total number of thirty-six pig finishing farms performing a strict all-in/all-out management (AI/AO) were studied by collecting twelve samples within each farm including samples from pen floors (5 samples), pen walls (5 samples), corridors (1 sample) and dust (1 sample). All the farms were studied after cleaning and disinfection procedures, just before the entrance of a new batch of animals. Despite the fact that cleaning procedures were classified as satisfactory by clinicians and a phenol derivate disinfectant was used, Salmonella was still detected in one of each five investigated farms (22.2%). Salmonella was recovered mainly from floor samples (6 out of 8 positive farms were positive in floor samples) followed by pen walls (three farms). It is remarkable that in two of the positive farms the contamination was only detected in corridors. In contrast, Salmonella was not isolated from dust samples in any of the farms. In a similar farm environmental study performed in Germany, Gotter et al. (2011) reported Salmonella positive results in 22% of the pens floors, 28% of the pen walls and 32% of the central hallway. Gebrelles et al. (1999) also found that 80% of the pens were contaminated after cleaning and disinfection procedures in swine farms. Moreover, Salmonella serotypes isolated were related to new infections in the incoming pigs. Regarding these results, it is important to note that it has been described that holes in floors and walls make difficult the penetration of disinfectant solutions along with the biofilm formation by Salmonella can make the action of the disinfectants difficult (Marin et al., 2009) . Surprisingly, it has been reported that farms using cleaning protocols without disinfectants had lower Salmonella levels than those using disinfectants (Van der Wolf et al., 2001a) . This fact indicates that disinfection protocols are sometimes not carried out properly and points towards the importance of performing adequate cleaning protocols if we want to achieve an effective disinfection. Moreover, particular attention should be paid not only to pens but also to corridors in order to prevent infections between batches and also to the instruments employed at farm level since they can constitute a source of Salmonella contamination. Gotter et al. (2011) found that elements such as driving boards, pig toys or boots, presented the higher contamination values, showing that the farm equipment can be a source of contamination that sometimes is underestimated. These results together with the risk factors studies in which not beneficial effects were found in AI/AO systems (Nollet et al., 2004; Rajic et al,. 2007; García-Feliz et al., 2010) show that cleaning protocols carried out routinely at farm sometimes do not reach their goal and so special attention should be paid in the cleaning and disinfection carried out between batches removing the organic matter present, cleaning not only the surfaces visible to the naked eye but also equipments, corners, and other surfaces in which dust and contamination can be stored.
Regarding management and handling by farmers the main premises that should be taken into consideration are as follows; large facilities are usually supplied by several breeding origins and then Salmonella-free pigs can be mixed with infected pigs at the fattening unit. Thus, in order to avoid the risk of contamination by potentially infected pigs, the origin status of the piglets should be confirmed, above all in low Salmonella contaminated farms included in control programmes. Moreover, it is believed that mixing animals with different ages increases the risk of Salmonella transmission, so pig handling is also important in avoiding or minimizing Salmonella infections at the farm. Adequate handling and caring of the animals is also necessary to diminish the stress, which is related to an increase in pig susceptibility to Salmonella infection as well as to an increase in faecal shedding by carriers . Biosecurity is essential at farm level to avoid the entrance of infectious diseases and most of the swine farms fulfil the basic biosecurity measures. General biosecurity measures such as double external fence, footbaths, changing rooms with showers and farm clothes to staff and visitors, external access to feed and dead animal trucks are essential in farms and several risk factor studies have associated them to a lower Salmonella prevalence (Amass et al., 2000; Lo Fo Wong et al., 2004) .
Apart from infected animals, which constitute the main source of Salmonella infection, the indirect transmission of disease by feed or wild animals present at the farm can be also relevant. The importance of feed as Salmonella vehicle has been already discussed in the feeding strategies subheading. As it was pointed out if feed transport or storage in the farm are not carried out under strict isolation conditions, feed can be easily contaminated by Salmonella. Water supply can also be a significant vehicle to indirect Salmonella transmission. The ability of Salmonella to survive in water supply depends on the nature of the water and factors such as the presence of protozoa, the concentration of organic matter, toxins, heavy metals, and several physicochemical properties. Fish & Petiborne (1995) estimated that Salmonella can survive at least 56 days in water. Farmers should pay attention to water quality and also to guarantee a supply of potable water on their farms. At the same time, wild birds or rodents can also contaminate the feed if they can access to the places where it is stored. Feed and water are effective vehicles to Salmonella transmission because they are supplied to all the animals and bring Salmonella directly to the gastrointestinal tract. So appropriate production and feed handling as well as water treatment has to be done in order to avoid contamination by Salmonella from these two sources.
Probably one of the main factors implied in the spreading of Salmonella is its ability to colonize a wide range of animal species including warm or cold blooded animals; this fact implies that most of the animals, birds or insects present in an environment with Salmonella will be infected or will carry Salmonella. This fact implies that all domestic and wild animals that get in touch with the farm can constitute a source of Salmonella for pigs. Salmonella has been isolated from rodents in several studies (Healing, 1991) and their faecal pellets can contain up to 10 5 CFU of Salmonella (Henzler & Opitz, 1992) . Although wild birds have been recognised as carriers of Salmonella, evidence suggests that infected birds are rarely identified. It seems that birds are infected by their feeding environment with a short term carriage (Murray, 2000) . Salmonella has been also isolated from insects including cockroaches, flies, and beetles (Benett, 1993; Davies & Wray 1995; Olsen & Hammack, 2000) .
Other wild animals are more related with the maintenance and perpetuation of the infection in the farm more than with the introduction of Salmonella thereof; finding positive mice or rats or cats for instance in the farm proves that Salmonella is distributed in the environment and the elimination of these animals is crucial if other efforts are taken at the same time to reduce the Salmonella prevalence.
Hygiene, handling practices or biosecurity are not sometimes taken into account to battle against a pathogen but in facultative environmental pathogens such Salmonella, they can play a crucial role in its maintenance and perpetuation and must be included in the practices to reduce the prevalence at farm level if practitioners want to have success reducing Salmonella.
Conclusions
The main objective of this chapter was to identify the main potential control strategies applicable in swine production to reduce Salmonella prevalence. Fortunately there is enough background to discern which measures seem to be most efficient in general, but we must stress that Salmonella epidemiology is not completely understood and that there are many factors that can influence its presence at farm level. The achievement of success in a reduction programme will depend in which measures, of those described here, may be feasible applied taking into account the serotype involved in the infection, its prevalence, type of farm etc, and also factors such economical resources.
